Thymic histopathology and granulomatous hypersensitivity were examined in CBA/J mice infected with varying numbers of Schistosoma mansoni worms. At the acute phase (8 weeks) of infection, the thymi of infected mice showed depletion of cortical lymphocytes that resulted in loss of distinction in the corticomedullary region. The degree of cortical depletion correlated directly with the intensity of infection, as assessed by total egg burden of the liver. Adrenalectomy of heavily infected mice 5 to 6 weeks after infection did not alter the course of cortical lymphocyte depletion. Thymus mass was diminished by as much as 80% in heavily infected mice. However, the thymi of lightly infected mice which survived 20 weeks of infection did not differ in histology or total tissue mass from age-matched uninfected controls. Adult thymectomy at 3 weeks of infection did not abrogate the spontaneous modulation (diminution) of granuloma formation in 20-week infected mice, although spleen cells from these mice failed to adoptively transfer suppression. Heavily infected mice which did not survive beyond the acute phase (8 to 9 weeks) of infection displayed a diminished granulomatous response that was partially restored by thymectomy carried out at 5 to 6 weeks of infection. Spleen cells from heavily infected mice (8 weeks) adoptively suppressed the granulomatous response in lightly infected recipients. It is concluded that histological changes observed in the thymus concurrent with egg dissemination and granulomatous hypersensitivity correlated with T cell-mediated regulatory events.
Thymic histopathology and granulomatous hypersensitivity were examined in CBA/J mice infected with varying numbers of Schistosoma mansoni worms. At the acute phase (8 weeks) of infection, the thymi of infected mice showed depletion of cortical lymphocytes that resulted in loss of distinction in the corticomedullary region. The degree of cortical depletion correlated directly with the intensity of infection, as assessed by total egg burden of the liver. Adrenalectomy of heavily infected mice 5 to 6 weeks after infection did not alter the course of cortical lymphocyte depletion. Thymus mass was diminished by as much as 80% in heavily infected mice. However, the thymi of lightly infected mice which survived 20 weeks of infection did not differ in histology or total tissue mass from age-matched uninfected controls. Adult thymectomy at 3 weeks of infection did not abrogate the spontaneous modulation (diminution) of granuloma formation in 20-week infected mice, although spleen cells from these mice failed to adoptively transfer suppression. Heavily infected mice which did not survive beyond the acute phase (8 to 9 weeks) of infection displayed a diminished granulomatous response that was partially restored by thymectomy carried out at 5 to 6 weeks of infection. Spleen cells from heavily infected mice (8 weeks) adoptively suppressed the granulomatous response in lightly infected recipients. It is concluded that histological changes observed in the thymus concurrent with egg dissemination and granulomatous hypersensitivity correlated with T cell-mediated regulatory events.
Schistosomiasis mansoni is a tropical helminthic disease characterized by T lymphocytemediated granulomatous inflammations around parasite eggs in the tissues (14, 29) . Foci of inflammations and their fibrotic resolution in the liver, intestines, and spleen lead to hepatosplenomegaly, portal hypertension, esophageal varices, bleeding, and death (K. S. Warren, Helminthol. Abstr. [series A] 42:592-633). Nevertheless, granulomas serve a protective role. Deficient granuloma formation in T celldepleted or athymic nude mice resulted in extensive necrosis of liver parenchyma and intestinal mucosa, altered liver function, septicemia, and accelerated death (5, 13, 17) . Therefore, it was of great interest to observe that immunologically intact mice at the chronic phase of infection displayed spontaneously modulated (diminished) granuloma formation that correlated with improved clinical-pathological parameters (1) . Cell transfer studies between donors undergoing modulation and recipients with vigorous granulomatous responses revealed that modulation is mediated by suppressor T lymphocytes (7, 11) . Furthermore, it was recently reported that thymocytes actively participated in regulatory T cell circuitry during chronic murine schistosomiasis mansoni (12) .
Numerous reports suggest that freshly emigrated thymocytes contribute to suppressor T cell (Ts) populations during the regulation of an immune response (4, 19, 22, 27) . Efflux of thymocytes may correlate with changes observed in thymus histology during parasitic infections (2, 23, 25) and immune responses (21, 24) . In the present study, we established a correlation among thymus weight, histology, granuloma size, and intensity of murine Schistosoma mansoni infection. (26) . The intensity of infection was assessed by determining the total liver-egg burden in hydrolyzed livers of individual mice (6) . Viable parasite eggs to be used for lung embolization were isolated from the livers of mice infected with 200 cercariae. Corp., Boston, Mass.) for the last 4 to 6 h of culture and subsequently collected on glass filter disks with a multiple-channel, automated cell harvester.
MATERIALS AND METHODS
Adrenalectomy. Mice were anesthetized intraperitoneally with pentobarbital (Nembutal; Abbott Laboratories, North Chicago, Ill.). Both adrenal glands were surgically removed through dorsolateral incisions made on the shaved lower back area of 5-to 6-week heavily infected mice and age-matched uninfected controls. Wounds were closed with sterile autoclips, and 0.85% saline was provided as drinking water. At the time of sacrifice, each animal was inspected for residual adrenal tissue.
Analysis of granulomatous hypersensitivity. At 7 days before sacrifice, synchronous lung granulomas were elicited by injecting 1,500 viable parasite eggs into the tail vein. The area of granulomatous lesions in the liver and lung tissues was calculated from diameters measured on hematoxylin-and eosin-stained histological sections with an automated AEI image-splitting device (Vickers Instruments, Inc., Woburn, Mass.) (7) . A total of 20 lung and 30 liver lesions were measured per animal, and the percent increase or decrease from controls was calculated from the following formula: 100 x {[(mean control area) -(mean experimental area)]/(mean control area)}. The mean lesion areas of individual mice from two or more experiments per variable and control were pooled for statistical comparison.
Thymectomy. Thymi were removed from infected Nembutal-anesthetized mice by aspiration. At the time of sacrifice, animals with residual thymus tissue were discarded from the experiment. When specified, controls consisted of sham-operated mice.
Adoptive suppression by cell transfer. Splenic suppressor cell activity was assessed in infected mice by adoptively transferring 4 x 106 unfractionated cells into 6-week lightly infected recipients via the tail vein (7) . Eggs were injected intravenously at 7 weeks, and lesions were measured at , n = 17; P < 0.001). The mean thymus weight of 8-week lightly (25 cercariae) infected mice was 84% of the control value (32 ± 2.4 mg; n = 24; P < 0.05). However, lightly infected mice that survived 20 weeks of infection displayed no significant change in thymus weight in comparison with age-matched controls (28.6 ± 1.3 mg [infected], n = 21, versus 29 ± 2.1 mg [control], n = 11). Based on these observations, we sought a correlation between thymus weight and total egg burden of the liver in heavily infected mice (Fig. 1 ). An average of 3.1 x 104 eggs were present in the liver by 6 weeks of infection, but the thymus weight had not changed. At 7 weeks, the thymus weight of infected mice was approximately 50% that of controls, and the mean liver egg count had almost doubled (5.9 x 104). At 8 weeks, when the experiments were terminated, the egg count had risen to a mean of 7.2 x 104 per liver, and the thymus size had decreased to 20% that of the control. At 8 weeks, a direct correlation between individual egg burden and thymus weight loss was demonstrated in groups of mice infected with increasing doses of cercariae (slope, -2.3; P < 0.001) (Fig. 2) .
Thymus histology and function. Fig. 3 shows photomicrographs of thymi from normal control and heavily infected mice. In the latter, the thymic cortex is progressively depleted. The loss of corticomedullary distinction is notable without appreciable change in the medullary structures. With minor exception, there appeared to be little or no increase of nuclear phagocytosis by macrophages (the "starry-sky phenomenon"). On the basis of these observations, we will use the term "cortical atrophy" (CA) to describe the alteration in thymic structure observed in schistosome-infected mice.
Mitogenic response of thymocytes. Cells remaining in the atrophied thymi were tested for their ability to undergo concanavalin A-induced mitogenesis. Seven individual 7-to 8-week heavily infected mice were tested in parallel with age-matched controls. Neither the optimal stimulatory dose of concanavalin A (0. (Fig. 4) . Next, the ability of spleen cells from chronically infected mice, thymectomized at 3 weeks of infection, to adoptively suppress granulomatous responses of 8-week lightly infected recipients was compared with that of unmanipulated chronically infected controls. Spleen cells from chronically infected thymectomized mice were unable to adoptively suppress lung and liver X * AGE-MATCHED CONTROL granuloma formation in the acutely infected recipients, whereas spleen cells from the thymusintact controls suppressed both lung (P < 0.06) and liver (P < 0.025) granuloma formation ( Granulomatous hypersensitivity in heavily infected mice. Lesion size of both lung and liver granulomas was significantly reduced in heavily (200 cercariae) versus lightly (25 cercariae) infected mice at the acute phase (8 weeks) of infection (Table 1) . It is important to note here that heavily infected mice died between 8 and 9 weeks of infection. A previous investigation (11) demonstrated that spleen cells from mice with 7-week light (30 cercariae) infection could partially suppress liver granuloma formation in 8-week lightly infected recipients. We demonstrate here that spleen cells from 8-week heavily infected mice can suppress both liver (12%; P < 0.001) and lung (15%; P < 0.05) granuloma formation in 8- PM2; n = 16 [cell recipients]). Since the greatest degree of thymi CA occurred at 7 to 8 weeks in heavily infected mice, it was of interest to assess the role of the thymus in the reduction of granuloma size. For this purpose, thymi were removed from heavily infected mice at 5 to 6 weeks of infection, just before the onset of CA, and the size of lung and liver granulomas was measured at 8 weeks. Although thymectomy resulted in significant augmentation in liver granuloma size, no significant change was observed in lung granuloma size ( schistosomiasis mansoni (7, 11, 31) . The balance between these populations tilts increasingly toward the suppressive mode during chronic infection, resulting in diminished granuloma formation. In the present study, we examined changes in thymus weight and histology and sought correlation of granuloma size relative to the phase and intensity of infection.
Atrophy of the thymic cortex in acutely infected mice was characterized by a loss of cortical lymphocytes, little apparent nuclear phagocytosis, and, in the most heavily infected mice, loss of distinction in the corticomedullary region. Cortical atrophy ensued after the start of egg production by the adult female worms and correlated directly with the number of parasite eggs in the liver. Although lightly infected mice displayed a small but significant loss in thymus weight during the acute phase of infection, no significant change in thymic weight or histology was observed at the chronic phase of infection compared with age-matched normal controls. Thus, atrophy of the rodent thymus in experimental schistosomiasis may result from an intense stimulus by parasite egg antigens during the acute phase of infection. A similar observation has been made in mice acutely infected with either Trypanosoma rhodesiense (23) or Trypanosoma brucei (25) , protozoan parasites which rapidly attain high levels of parasitemia. Biphasic reactions of the thymic cortex, characterized by initial atrophy and subsequent restoration, were observed in mice experimentally infected with Histoplasma capsulatum (2), Toxoplasma gondii (3), and BCG (24) . Whether the observed unaltered thymic weight and histology of chronically infected mice reflect a similar biphasic reaction or are due to age-related phenomena could not be answered in this study.
The nature of a signal(s) which induces CA as well as the ultimate fate of cortical thymocytes remains to be elucidated. Thymocytotoxicity by adrenocorticotrophic hormones or thymic antibody or both, in addition to increased emigration of cortical thymocytes to peripheral tissues, may all be considered (8, 16, 20) . A major role for stress mediated by adrenocorticotrophic hormones may be excluded because, in the present study, adrenalectomy failed to significantly alter the course of CA. In a previous study, serum cortisol levels of mice with heavy S. mansoni infections appeared to be normal, although the animals had minor histological alteration in the adrenals (28) . The lack of increased nuclear phagocytosis by thymic macrophages as well as normal mitogen responsiveness of thymic lymphocytes during atrophy argues against toxicity and enhanced cell death. Rather, we postulate that an increase observed in the absolute number of T cells in peripheral lymphoid tissues (8) suggests active emigration and dissemination of thymocytes during schistosome infection.
Whether thymocyte-specific autoantibody observed in mice with Schistosoma japonicum infection (20) and in a preliminary study in our laboratory contribute to CA and thymocyte distribution has not yet been determined. In this and another study (12) , TDH cells were insensitive to adult thymectomy, suggesting that they are derived from a pool of precursor T cells present in peripheral lymphoid tissues. However, subpopulations of short-lived Ts cells reportedly require continuous renewal from the thymus (4, 19, 22, 27) . We recently showed that Lyt 1-23+ Ts cell function of schistosome-infected mice was rapidly lost upon adoptive transfer into uninfected recipients (31) . A previous study (12) demonstrated that thymectomy at 6 weeks of infection significantly reversed spontaneous modulation by 15 weeks of infection. In our experiments, thymectomy at 3 weeks had practically no effect on granuloma formation at 20 weeks. Because egg production ensues after only 4 weeks of infection, this discrepancy, which appears to derive from different experimental timing sequences, could reflect unique patterns of T cell circuitry dependent on responses of the thymus to egg antigens. In our experiments, the thymus and freshly emigrated thymocytes had not yet seen egg antigens at the time of thymectomy. Nevertheless, in both the present and previous studies (12) , thymectomy abrogated the ability of spleen cells from chronically infected mice to adoptively suppress granuloma formation in acutely infected recipients. Therefore, it is plausible that freshly emigrated thymocytes contribute to the Lyt 1+23-Ia+ recruiter population of Ts cells active in adoptive transfer (7, 10) rather than the Lyt 1-23+Ia+ effector population of Ts cells which directly suppress lymphokine production (9) and granuloma formation (31) .
Heavily infected mice displayed the greatest degree of CA of the thymus, diminished granuloma size, and transferrable suppressor cell capacity. Adult thymectomy partially reversed granuloma size reduction in the liver but not in the lungs of these mice. Recent studies that examined concurrent changes in asynchronous liver and synchronized lung granuloma sizes in immunomanipulated mice consistently revealed differential sensitivity of the lesions to treatments (7, 10) . Moreover, segmental differences in the granulomatous response of the ileum versus the colon of schistosome-infected mice have also been observed (30) . These observations led us to believe that the granulomatous response to schistosome eggs was subject to local, intraorgan influences. These influences may be expressed by differences in the rate of influx of blood-borne leukocytes, their local multiplication, and the migratory and homing characteristics of Ts cells in the various organs.
Previous work (18) has shown that suppression of delayed granulomatous responses in normal mice may be induced by supraoptimal doses of egg antigens such as those likely to be obtained in mice heavily infected with schistosomes. Thus, in heavily infected mice, suppression of the granulomatous response early in the course of infection may reflect an accelerated shift in the balance between TDH and Ts cell populations toward the suppressive mode. Our data seem to imply that direct effects of egg antigens on the thymus result in suppressor cell recruitment and subsequent depletion of the thymic cortex.
In summary, this study describes a correlation between atrophy of the thymic cortex and the production and dissemination of the parasite eggs in schistosome-infected mice. A role for freshly emigrated thymocytes as contributors to the populations of Ts cells is suggested. Considered together, these observations indicate that the thymus is highly reactive to antigenic stimuli during schistosome infection and plays an important role in the regulation of granulomatous hypersensitivity.
